Ionic fragmentation of NO stimulated by soft X-ray absorption has been studied using a monochromatized synchrotron radiation and a time-of-flight mass spectrometer. In photoexcitation of a Is electron, the singly charged molecular ion NO was formed only at 410 and 533 eV (transitions to the 2rr orbital), and a fragment ion N had the highest intensity in all the energies. The doubly charged molecular ion was produced appreciably, and fragment ions (N 2+ and 02+) were formed considerably even below the ls ionization thresholds. The measured time-of-flight spectra were converted into kinetic energy distributions of N+, O+, N + and 02+ at photon energies for characteristic excitation by a simulation calculation. The dissociation pathways from the core-hole states of NO were discussed using the kinetic energy distribution and ion intensity ratios as well as Auger electron spectra in the literature.
I. INTRODUCTION
There have been numerous studies on the dissociative ionization of NO. 1-Branching ratios for produced ions and appearance potentials of fragment ions were utilized for discussion on various intermediate states in dissociation processes. Using simulated photoionization techniques, (e, 2e) and (e, e + ion), Iida and coworkers have determined absolute partial oscillator strength for photoionization of individual ionic states and for formation of individual fragment ions in the region of vacuum ultraviolet radiation up to 80 eV. 4 cluding some vibrational excitations from lower energy to higher. 12, 13 The counterpart of this transition in the OK-edge region showed a broader peak of 2.5 eV width, lcr12rr2, but the order of the states, 2Z-, 2A and 2Z+, was found to differ from that at the NK-edge. The inner-shell spectra exhibited small structures in the Rydberg excitation region and a broad intensity increase at the or-type shape resonance above ionization thresholds.
After the inner-shell excitation, the produced inner-hole is usually filled with a valence electron through Auger decay because soft X-ray emission occurs only with a negligibly low probability. The molecular ion in a highly excited Fragment ions produced were found to have some kinetic energies in the inner valence ionization and also in soft X-ray excitation. 4,5,8q As mentioned above, two ionic fragments are usually generated in the inner-shell excitation, and thus fragment ions have often a significantly larger kinetic energies than the valence electron ionization, owing to Coulomb repulsion force. 8, 8, 23, 24 It is important to obtain kinetic energy distributions of fragment ions from several inner-shell excited states as well as branching ratios of ion yields, in order to clarify characteristics of the site specific fragmentation.
In the present study, the ions from NO induced through excitation of Nls and O ls electrons have been measured using synchrotron radiation and a time-of-flight (TOF) mass spectrometer. The measured TOF spectra were reproduced by a simulation fitting calculation, which provided kinetic energy distributions of N+, O+, N 2+ and 0 2+ The dissociation pathways are discussed on the basis of the present results and the literature data.
II. EXPERIMENTAL
Synchrotron radiation from TERAS (an electron storage ring at the Electrotechnical Laboratory) was collected with a prefocusing mirror system, dispersed by a Grasshopper monochromator (grating radius 2 m, grating groove density 24001/mm), and reflected into the horizontal direction with a refocusing mirror. 25, 26 The monochromatized synchrotron radiation (energy spread --0.8 eV at the NK-edge and 1.6 eV at the OK-edge) entered the chamber including a time-of-flight (TOF) mass spectrometer. The detail of the experimental arrangement and the TOF measurement was described elsewhere. :6 Briefly, the photon beam crossed perpendicularly an effusive beam of NO. The electron produced was extracted in the direction perpendicular to both the photon and molecular beams. The ions produced were extracted in the direction opposite to that of electron extraction. Both charged species were detected with microchannel plates (MCP). A TOF spectrum of the ions was observed using the electron signal as a start pulse. The angle between the direction of photon polarization and the axis of the TOF spectrometer was set at 54.7 , because the dissociation of molecular ions often occurs with an anisotropic distribution. 11,:,25,27 When the TOF spectrum was measured in detail at fixed incident photon energies, a lower electric field, 13 V/mm, was applied to the TOF spectrometer. The measured TOF spectra were reproduced by a simulation calculation, the procedure of which was reported previously. 1, [23] [24] [25] [26] [27] [28] Concisely, the main assumptions are the following:
( shown. -5 The electron yield spectrum is close to the photoabsorption cross section, which indicates the strong peak of the 2or to 2rr transition, small structures of Rydberg orbital excitation at 406-409 eV, and intensity increase at the ionization threshold followed by broad structures of the tr-type shape resonance. The total ion spectrum shows a similar feature to the electron yield, but the shape of the total ion above 406 eV is slightly different from the electron. The structures of the Rydberg orbital transition in the total ion curve are not clearer than the electron spectrum.
The yield spectrum of NO is much different from other curves except the strong peak at 399.7 eV. The yield of NO shows a constant intensity in these energies above the position of this peak, suggesting that NO is not produced via inner-shell excitation above 405 eV. The yield curves for N and O have profiles close to the electron yield, but the relative intensities above the Rydberg orbital excitation are higher than that of the electron in comparison with those of the most prominent peak at 399.7 eV. Those for N 2/ and 02+ show a similar spectrum to the electron but the relative intensities indicate a larger increase above the ionization thresholds than those for N and O/. The curve for the doubly charged molecular ion (NO2+) exhibits this intensity change most distinctly, that is, the intensities above the thresholds are higher than that of the 20-to 2rr transition. These phenomena suggest that branching ratios of ion production vary with the photon energy and that the probability of the double ionization increase with increasing photon energy. The yield spectra of ions produced from NO in the region of the OK-edge are shown in Fig. 2 , as well as the yield of the total ion and the electron. The Photon Energy (eV) Figure 2 Yield spectra of individual ions produced from NO around the OK-edge, together with the total ion and the electron. Bars with hatching denote the ionization thresholds, 3II at 543.3 eV and at 543.8 eV.
photoabsorption spectrum observed at moderate resolution, which shows a broad peak ascribed to the ltr to 2rr transition at 532.6 eV and a broad intensity increase composed of the OK-shell ionization and the or-type shape resonance (around 546 eV). 11, 14, 15 The parent molecular ion NO + has low yields over this energy range and exhibits a slight intensity increase near 533 eV. The yield spectra of N and O have profiles close to the electron curve. The yield curves of N 2+ and 02+ essentially show the same feature as the electron, but the intensities around the shape resonance are higher than the broad structures at the let to 2rr transition, although the measured data scatter considerably. The intensity around the shape resonance in the NO 2+ curve is higher than the broad structure near 533 eV. The general features, similarity and/or difference, among the yield spectra of individual ions in the OK-edge region are close to those in the NK-edge region.
B. Kinetic energy distributions of fragment ions
In order to obtain kinetic energies of the fragment ions, TOF spectra were measured with a weak electric field for ion extraction, 13 V/mm. The TOF spectra are shown for N/, O and NO 2+ at some photon energies in Fig. 3 . As denoted in Fig. 3 , the peak at the shortest flight time near 2.18s originates from the N ion which is ejected toward the ion detector with some kinetic energy through the molecular dissociation. The most intense peak at 2.34 s comes from the NO 2+ with thermal energy.
The N ion which is ejected toward the electron detector and extracted back to the ion detector contributes to the tail at the shorter time side of the strongest peak around 2.3 s. The kinetic ions of O + generate the tail at the longer time side of the central peak and the peak at 2.5 s in the TOF spectrum. The structures of the spectra at the four photon energies are different from one another and can be approximately classified to two types. One is the spectrum that thermal and/or low kinetic energy N ions yield the broad intense structure around 2.27 s as well as the structures by kinetic N ions, thermal NO 2/ ions and kinetic O + ions. This type was measured for the photon energies inducing transitions of l s electrons to the 2rr orbital. The other is that thermal N + ions are produced with low probabilities. These spectra are for the photon energies corresponding to the ionizations of l s elections.
The measured TOF spectra were reproduced using the simulation calculation.
11,23-28
An example of the fitted spectra is shown in Fig. 4 N ions having low kinetic energy (<1.5 eV) were produced significantly, as expected from the TOF spectrum. The second maximum appears at about 4.5 eV. This distribution is similar to that for N / at 533 eV, which induces the transition from the l cr orbital to the 2rr orbital. The distribution for N / at 415 eV (above the ionization thresholds of the 2o-electron) is different from that at 400 eV. The fraction of low kinetic energy ions is very low at 415 eV. The distribution at 547 eV (above the ionization thresholds of the lcr electron) is similar to that at 415 eV, which shows a low intensity at lower kinetic energies and a maximum near 4.5 eV. The maximum is seen at about 4 eV in the distribution curve at every energy, and considerable intensities were obtained at lower kinetic energies only for the photoexcitation to the 2rr orbital (400 eV and 533 eV). The energy position for the maximum , . The branching ratio of ion intensity is presumed to be useful for discussing the dissociation pathways from different core-hole states. Table 1 lists the branching ratios at several photon energies, where the contribution from the ionization of only valence electrons for the NK-shell excitation and that of valence and the NK-shell electrons for the OK-shell excitation were subtracted. The data previously obtained with a simulation technique of photoionization and with filtered characteristic X-rays were included in Table 1 . 4, 8 The most intense ion is the singly charged nitrogen atomic ion (N+) at all photon energies. The second is the O ion, and the doubly charged N 2+ has a higher intensity above the ionization thresholds than the doubly charged oxygen ion 02+ The singly charged parent molecular ion is formed only at the transition energies of a Is electron to the 2rr orbital. The doubly charged molecular ion NO 2+ is produced appreciably. The previous data below the excitation energy of the 20-electron differ considerably from each other although the photon energies used were much different. 4, 8 The present result at 400 eV is nearer to the branching ratios by Iida et It is important to examine the Auger electron spectrum closely because this spectrum provides energies of doubly charged molecular ions. Auger electron spectra were reported by some groups, which showed small transition intensities through autoionization from (lsl2rr2) states as well as the normal Auger transitions. [19] [20] [21] [22] However, the relative population of NO + states derived from autoionization of (lsl2rr2) states is concentrated into the energy region of 16-29 eV, according to the study by Carroll and Thomas. 22 Based on that population and a consideration of energy levels, the excitation to the 2rr orbital is supposed to provide a large branching ratio for NO+, which is relatively close to those of N + and O+, a maximum at the low energy region in the kinetic energy distributions of N and O+, and a very low branching ratios for N 2+ and O2+. This happen with a probability of 10% or so in photoexcitation of the l s electron to the rr* orbital. 23,24,z6 The branching ratios of NO 2+ at 400 eV and 415 eV are 1% and 5%, respectively, as shown in Table 1 . This result suggests that the probability ratio of the Auger shake-off process is near to about 20% at 400 eV. The 
